Abstract-New
I. INTRODUCTION
C HARGE pumps are circuits that can pump charge upward to produce voltages higher than the regular supply voltage. Charge pumps have been used in the nonvolatile memories, such as EEPROM and Flash memories, for the programming of the floating-gate devices [1] , [2] . They can also be used in the low-supply-voltage switched-capacitor systems that require high voltage to drive the analog switches [3] , [4] .
Most MOS charge pumps are based on the circuit proposed by Dickson [5] - [7] . As shown in Fig. 1 , the MOST's in the Dickson charge pump function as diodes, so that the charges can be pushed only in one direction. The two pumping clocks and are out-of-phase and have a voltage amplitude of . The value of is usually identical to the supply voltage . Through the coupling capacitors C1-C4, the two clocks push the charge voltage upward through the transistors. Neglecting the boundary conditions, the voltage fluctuation at each pumping node is identical and can be expressed as (1) where is the capacitance of C1-C4, is the parasitic capacitance associated with each pumping node, is the frequency of the pumping clocks, and is the output current loading.
When goes from low to high and from high to low, the voltage at node 1 is settled to , and the voltage at node 2 is settled to , where and are defined as the steady-state lower voltage at node 1 and node 2, respectively. Both MD1 and MD3 are reverse biased, and the charges are being pushed from node 1 to node 2 through MD2. The final voltage difference between node 1 and 2 is the threshold voltage of MD2. The necessary condition for the charge pump to function is that must be larger than the MOST's threshold voltage , i.e.,
The voltage pumping gain for the second pumping stage is defined as the voltage difference between and , which can be expressed as (3) where is the threshold voltage of MD2, modified by the body effect due to the source voltage . The geometric dimension of the MOST's has no effect on the voltage pumping gain. However, if the ratio of the MOST diodes is too small so that the transient response of the pumping operation cannot settle within the period when the corresponding clock is high, then the resulting voltage pumping gain will be smaller than that predicted by (3) .
As the supply voltage decreases, both and are decreased accordingly, and the voltage pumping gain per stage is also reduced. Furthermore, if is not much larger than the MOST's threshold voltage, then the influence of the MOST's body effect cannot be neglected. Especially at the high-voltage nodes near the output, the increase in the threshold voltage can lower the voltage pumping gain significantly. In fact, the circuit's output voltage reaches its maximum when the body effect causes the threshold voltage to be equal to [6] . It is possible to use floating-well devices to eliminate the body effect [8] . However, the resulting charge pumps may generate substrate currents and the voltage pumping gain per stage is still reduced by the threshold voltage. This paper describes new charge pumps that are suitable for low-voltage operation and offer better voltage pumping gains and higher output voltages than the Dickson charge pump. The charge pump utilizing the static charge transfer switches (CTS's) is described in Section II. A five-stage prototype implemented in a standard 0.8-m CMOS technology is demonstrated. The circuit can operate with a 1.2-V supply and generate a boosted output of 3.5 V. For higher supply voltages, such as 2 V, charge pumps described in Section III can be used. They are new charge pumps employing the dynamic CTS's to increase the voltage pumping gain. The performance improvement is verified by both simulation and measurement results. In Section IV, a modification to the diode-configured 0018-9200/98$10.00 © 1998 IEEE output stage is described. The change is necessary if the charge pumps are required to generate boosted outputs of more than 10 V. Using the technique, a 2-V-to-16-V charge pump can be implemented efficiently. And finally, conclusions are given in Section V.
II. CHARGE PUMPS USING STATIC CTS's
Instead of using the diodes to direct the flow of charges in pumping operation, the MOST switches with proper on/off cycles, referred to as CTS's, have been used to realize the charge pumps and show better voltage pumping gain than the diodes [9] - [13] . Fig. 2 shows a new charge pump (NCP-1) using the MOST CTS's with static backward control [3] . MD1-MD4 are diodes for setting up the initial voltage at each pumping node. They are not involved in the pumping operation. MS1-MS4 are the CTS's. The idea is using the already established high voltage to control the CTS of the previous stage. If the switches can be turned on and turned off at the designated clock phases, they can also allow the charge to be pushed in only one direction. Then for each pumping stage, the upper voltage of the input is equal to the lower as (4) Comparing with (3), the NCP-1 is expected to have better charge pumping performance.
In Fig. 2 , when is high and is low, the voltage at node 1 is pushed from to , the voltage at node 2 is , and the voltage at node 3 is . For nominal operation, the MS2 switch must be turned on by the voltage at node 3. The gate-to-source voltage of MS2 is , which must be larger than the threshold voltage modified by the source voltage , i.e., (5) Comparing with (2), the NCP-1 is more suitable for lowvoltage operation.
On the other hand, when is low and is high, the voltage at node 1 is , the voltage at node 2 is , and the voltage at node 3 is also . For ideal operation, MS2 is to be turned off. Therefore, the gate-to-source voltage of MS2, which is , must be smaller than the threshold voltage modified by the source voltage , i.e., (6) Since (5) must always be true, the requirement of (6) can never be met. Therefore, MS2 cannot be completely turned off, and reverse charge sharing between node 2 and node 1 can occur. In such cases, the operation of the charge pump becomes complicated. The voltage fluctuations at the pumping nodes are different and smaller than that predicted by (1) . As a result, the overall voltage pumping gain is reduced. Note that the maximum voltage pumping gain between node 1 and node 3 is determined only by the threshold voltage of MS2, i.e.,
A five-stage NCP-1 has been fabricated using a standard 0.8-m CMOS technology. This prototype is similar to the circuit shown in Fig. 2 , except that MD5 and MDO are merged into one device, the pumping capacitor C5 is connected to the source node of MDO, and the output voltage is smoothed by an RC low-pass filter [3] . The threshold voltage of the nMOST's is 0.7 V. The gate geometric size is 150 m by 0.8 m for all devices. All pumping capacitors are 20 pF. The circuit is used in a 1.2-V switched-capacitor system for driving MOST analog switches. Fig. 3 shows the measured output voltages of the prototype at different output current loadings and clock frequencies, while a 1.2-V supply is applied. The prototype can maintain a 3.5-V output while providing 30 A of output current. For comparison, the output voltage of a five-stage Dickson charge pump operating under the identical condition is less than 2 V.
III. CHARGE PUMP (NCP-2) USING DYNAMIC CTS's
If the reverse charge sharing phenomenon inherent in the NCP-1 circuit can be eliminated, better pumping performance can be obtained. In other charge pump designs [9] - [11] , each CTS is accompanied by an auxiliary pass transistor so that the CTS's can be turned off completely in the designated period. However, the CTS's in those charge pumps are difficult to turn on in the low-voltage environment. Techniques such as putting CTS's in individual wells to eliminate the body effect and applying boosted clocks to drive the CTS's have been used [11] . The four-phase clock scheme has also been used to precharge the CTS's so that they become easier to turn on [9] , [11] . However, additional concern is that the auxiliary pass transistors must be turned on during the precharging phase. Fig. 4 shows a new charge pump (NCP-2) that can assign the control inputs for the CTS's dynamically by adding pass transistors MN's and MP's to the NCP-1 circuit [14] . The CTS's in NCP-2 can be turned off completely when required and still can be turned on easily by the backward control as in the NCP-1 case. The expression for the single-stage voltage pumping gain is the same as (4).
The operation of the dynamically controlled CTS's is explained as follows. When is high and is low, both the voltages at node 1 and node 2 are , and the voltage at node 3 is above. If and (8) where is the threshold voltage of pMOST's, then MP2 is turned on, causing MS2 being turned on by the voltage at node 3. In this period, MN2 is always off since its gate-tosource voltage is zero.
On the other hand, when is low and is high, the voltage at node 1 is , both the voltages at node 2 and node 3 are above. If (9) then MN2 can be turned on and MS2 can be turned off completely. In this period, MP2 is also off, disengaging MS2 from the control of node 3. Unlike the NCP-1 case, the two necessary conditions of (8) and (9) can be satisfied simultaneously. Note that, for each pMOST in Fig. 4 , each individual well is connected to the device's drain node. During the short period of transition when goes from high to low, it is possible for the charges at the CTS's gate node to be injected into the well. However, the supply of the charges is limited since the CTS's gate is a floating node at this very moment. With proper layout precaution, latch-up can be prevented. Fig. 5 shows the simulation results that compare the output voltages of various charge pumps at different supply voltage and output current loading. All charge pumps have four pumping stages. All coupling capacitors are 15 pF. The voltage smoothing capacitor at the output is 30 pF. The frequency of the pumping clocks is 5 MHz. The for the NCP-2 is less than that predicted by (1) due to additional parasitic capacitors and switching delay. Nevertheless, the NCP-2 still exhibits the best charge pumping performance among the three circuits. For the NCP-1 charge pump, the effect of the reverse charge sharing become more apparent as the supply voltage increases. In case of 2.5-V supply voltage and low output current loading, the NCP-1 performs no better than the Dickson charge pump. However, the NCP-1 shows a smaller equivalent output resistance than the other two circuits, since the reverse charge sharing phenomenon can make the voltage pumping gain less sensitive to the variation due to the changes in output current loading.
A four-stage NCP-2 has been fabricated in a 0.8-m CMOS Flash technology. Fig. 6 shows the measured output voltages at different supply voltage and output current loading. This prototype is designed for 3-V operation. The output can 
IV. CHARGE PUMP OUTPUT STAGES
In NCP-1 and NCP-2 circuits, CTS cannot be used in the output stage since no adequate waveform is available for switching control. The diode-configured circuit shown in Fig. 7 is used instead. The charges are simply pushed through the MOST diode, MDO, to the output, . The capacitor is used to smooth the voltage fluctuation at the output. In order to generate a fluctuating voltage waveform to control MS4, an MD5 MOST diode is added, whose output, node , is ac-coupled to the clock through C5. The voltage fluctuation at node is defined to be , which is larger than the nominal , due to the absence of output current loading. The condition to turn on MS4 becomes (10) This requirement severely limits the minimum operating supply voltage and the maximum achievable output voltage.
The limitation can be mitigated by increasing the value of in (10) . As shown in Fig. 8 , this can be accomplished by driving the output stage with a new enhanced clock, , which inherits the timing of , but has a larger voltage amplitude. A high-voltage clock generator is required to generate the clock. Since the loading of is relatively small, the driving capability of this clock generator need not be large. An example of the high-voltage clock generator is shown in Fig. 9 [4] , [15] . Using the cross-coupled bootstrapping, the voltage amplitude of the input clock can be doubled. In Fig. 9 , the high voltage is generated by a separate but similar bootstrapping circuit [4] . Fig. 10 shows the simulation results that compare the output voltages of various charge pumps. The circuit parameters are identical to those used in the simulations for Fig. 5 . The condition is 2 V supply voltage and 10 A output current loading. The NCP-3 is a charge pump similar to NCP-2 but instead applying the output stage shown in Fig. 8 which is driven by the high-voltage clock generator shown in Fig. 9 . The output voltages are shown against different numbers of pumping stages . If is low and the output voltage is also low, both NCP-3 and NCP-2 have similar voltage pumping gain. But as increases, the output of NCP-2 is limited to 9.7 V due to the constraint imposed by its output stage. In the NCP-3 case, the is enhanced twofold, and the output voltage can easily exceed 16 V using 12 pumping stages. Unlike the NCP-2 charge pump, the output voltage of the NCP-1 shown in Fig. 10 is not saturated at large . This is because its output-stage constraint has not been reached in this simulation exercise, due to its larger and less switching delay.
V. CONCLUSION
Charge pumps utilizing CTS's to direct charge flow can provide better voltage pumping gain than those using MOST diodes. Using the internal boosted voltage to backward control the CTS of the previous stage yields charge pumps that are suitable for low-voltage operation. The resulting charge pumps (NCP-1) can operate under a supply voltage below 1.2 V and still offer good pumping performance.
The reverse charge sharing phenomenon inherent in the NCP-1 circuits can be eliminated by applying dynamic control to the CTS's. The NCP-2 charge pumps use two additional MOST's per stage to implement the dynamic CTS's. The performance improvement of the NCP-2 over the NCP-1 is more significant at higher supply voltages.
The limitation imposed by the diode-configured output stages in NCP-1 and NCP-2 can be mitigated by pumping the output stage with clock of enhanced voltage amplitude. The NCP-3 is a charge pump based on NCP-2 and uses a voltage doubler to enhance the clock amplitude twofold for driving the output stage. A 12-stage NCP-3 circuit can generate a boosted output of 16 V from a 2-V supply, while the output of the NCP-2 can reach as high as 9.7 V only.
In conclusion, circuit techniques are available to generate high voltage efficiently from a power supply below 2 V.
